Vanishing of electron pair recession at central impact 
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Identity of electrons leads to description of their states by symmetrical or anti- 
symmetrical combination of free coherent states. 

Due to the coordinate uncertainty potential energy of the Coulomb repulsing is 
limited from above and so when energy of electrons is large enough, electrons go 
through each other, without noticing one another. 

We show existence of set of coherent states for which wave packages recession 
vanish - electrons remain close regardless of Coulomb repulsion. 



1. INTRODUCTION 

Taking into consideration the identity of electrons we describe their state by symmetrical 
or anti-symmetrical combination of free coherent states [2, 4, 5, 7]. These states have a lot 
of essentially quantum pecularities such as entanglement [1, 8-10]. 

Due to the coordinate uncertainty potential energy of the coulomb repulsing is limited 
from above. That is why two types of classical interpretation of electron interaction are 
possible: 

• Classical scattering of an electron on another one. Electrons approach a certain dis- 
tance, but due to the Coulomb repulsion they scatter in opposite directions. 

• If energy of electrons is large enough, electrons go through each other, without noticing 
one another. 

Two types of classic description of results of an impact take place for electrons with parallel 
and with anti-parallel spins as well. 

In these two cases, due to recession of centers of packages of waves the entanglement 
of the state (both spatial and spin) remains constant. For the case of antiparallel mutual 
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orientation of electron spins there is a certain range of relative momentum values at which 
recession of the centers of wave packages vanishes. Instead, spreading of wave packages takes 
place. The observed characteristic of the state is the quadrupole moment of the electric field 
produced by the pair of charges. In this case the spatial entanglement of the states vanishes 
simultaneously with packages spreading, in contrast to spin entanglement. Vanishing of 
recession makes evidence of the fact, that electrons are in the almost identical states long 
enough. 

Will examine the pair of coherent electrons in the center-of-mass system, r± — ^ + r, 
r 2 = 7T — r, p\ = y + p, P2 = f- — V- The Hamiltonian of this system is: 

2m 2m |r*i — r 2 | 4m m \ri — r 2 \ 
Hamiltonian of coherent electron pair is divided on Hamiltonian of free motion of center 
of mass of electron pair H c = £^ and Hamiltonian of relative motion 

m \r\ 

which is similar to the Hamiltonian of electron in the atom of hydrogen. 



2. WAVE FUNCTION OF COHERENT ELECTRON PAIR 

Studying the electromagnetic field of coherent electron, (and also electromagnetic field 
of coherent electron pair), we deal with the problem on effect of coordinate and momentum 
uncertainties of free particle. Plane wave is not good instrument for description of the 
coherent electron state, because a flat wave is characterized a zero momentum uncertainty, 
and coordinate uncertainty tends to infinity. The same concerns to the functions, localized 
in space, that look like: 5(x — x (t)). That is why we consider the wave function of coherent 
electron as Gaussian superposition of plane waves. Such kinds of probability distribution 
are characterized by the coordinate and momentum uncertainties a x anda p . For the free 
particle, momentum uncertainty is constant, a p = const, but coordinate uncertainty depends 
on time. 
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2.1. Wave function of single coherent electron 

Taking into consideration the aforesaid, we can write the wave function of coherent 
electron: 



^ l ( -to))* — N 

W(r,r ,p ) = ^ exp 

yjay/27r(l + u 2 (t-t ) 2 ) 



. -Por 
+ %- 



4a 2 (l + u 2 (t-t ) 2 ) h 



, (3) 



where a is coordinate uncertainty, r - an average value of the coordinate, po- an average value 
of the momentum, to- is a culmination moment (moment of time, when correlation between 
the coordinate and momentum is absent), m- electron mass. Taking into consideration the 
uncertainty relation, which takes a minimum value in the moment of culmination, we can 
write down: 

a x = —Jl + iu 2 (t-t f (4) 
Za p v 

whence a r a v = 1 + uo 2 (t — t ) 2 . In the moment of culmination this expression takes a 
minimum value a r a p = h/2. 

As it is obvious from (4), the dependence of the wave package on time provides package 
spreading with time. 

The kinetic energy of coherent electron: 

where the first item describes the energy of quasi-classical motion of wave package center, 
the second item is conditioned by momentum uncertainty. 

2.2. 1. 2. Wave function of coherent electron pair 

Wave function of coherent electron pair is an anti-symmetrical (in the case of parallel 
mutual spin orientation) or symmetrical (in the case of anti-parallel mutual spin orientation) 
combinations of wave functions of every electron (according to Pauli principle): 

, , _ ^i(F 2 )M/ 2 (r 1 )±M/ 1 (r 1 )M/ 2 (f 2 ) 
nri, r 2 ) - -j=== . (6) 
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N is an overlapping integral, which is defined is such a way: 

N = J ^*(r)^ 2 (r)d 3 r = (^(r) | * 2 (r)) . (7) 

Overlapping integral is not equal to zero because wave functions are not orthogonal. 

In the center-of-mass system average values of coordinate sum and momentum sum are 
equal to zero. 

The parameters r and po have to take values of relative coordinate and relative mo- 
mentum correspondingly. But these parameters should not be considered as average values 
of coordinate and momentum, because these values are equal to zero due to identity of 
electrons. 

We consider coherent electron pair at £ = to- The wave function is: 

'2-ro) 2 _ (n+rp) 2 , ■ po (n - 
4o- 2 4 CT 2 "t" t h 

Taking into consideration the wave function, the average of 2 is [6]: 



(ri-r ) 2 (r2+ro) 2 , ■po(ri-r 2 )\ (Q\ 
— T^l 472 T I £ ) \°J 

4- PYn ( (rg-fb) 2 _ (n+ni) 2 I • po(n-r 2 ) 



( #) = Pi + 3£! + 
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2 exp(- 




f^PO 
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. 2 l«l er/ (hv / f J S^J W w/ (»>/l£W |J|a 

+e i+|Jp 



(9) 



where \R\ = \ r{t)+ \ p{t) , \L\ = £p(t) - 2utf(t) , |J| 2 = exp((- |f r(t) + |p(t)|) The average 
value of Hamiltonian of coherent electron pair depends on time. This dependence is deter- 
mined by the fact that correlation between relative coordinate and relative momentum is 
absent in the initial moment of time only (moment of culmination). 

3. EQUATIONS OF MOTION 

Using the method of integration by trajectories, Klauder has proved that one can obtain 
classical Hamiltonian equations of motion considering the average value of quantum system 
Hamiltonian as the Hamiltonian of classical system [3]. 

These equations go to classic equations of free motion of center of mass and equations of 
relative motion 

dp d(H) dr d(H) 



dt dr ' dt 



(10) 
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Thus, in the Hamilton equations one should use relative coordinate and momentum. Equa- 
tions of motion: 

dp dE dr dE 

~dl = ~!h ' ~dl = ~d P ~ ) ^ > 

where E = (H). 

The average value of Hamiltonian of coherent electron pair depends on time. This de- 
pendence is determined by the fact that correlation between relative coordinate and relative 
momentum is absent in the initial moment of time only (moment of culmination). 

The average value of energy of the system depends on time. This dependence is deter- 
mined by the special quantum properties, first of all, by the effect of relative coordinate 
and momentum uncertainties. Even if the average values of coordinate and momentum are 
equal to zero, the average value of Hamiltonian depends on time due to spreading of wave 
package. 

4. CENTRAL IMPACT OF COHERENT ELECTRONS 

4.1. Quasi-classical model of the central impact 

Due to the coordinate uncertainty potential energy of the coulomb repulsing is limited 
from above. That is why two types of classical interpretation of electron interaction are 
possible. 

1. Scattering (same to the classical one) of an electron on another one. Electrons approach 
a certain distance, but due to the Coulomb repulsion they scatter in opposite directions 
(classical-like). 

2. If energy of electrons is large enough, electrons go through each other, without noticing 
one another (tunneling-like). 

Taking into consideration the principle of identity we find these two cases to be physically 
indistinguishable. We can not distinguish, which electron goes in certain direction. We 
can not find, whether they continue motion in the same directions, as before the impact 
(it means electrons fly over through each other), or in the opposite directions (it means, 
Coulomb repulsion took place). 
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We can calculate time t electrons need to return to an initial distance. The traveltime 
differs according to the type of impact. 

In classical approach to consideration of forward scattering, the falling electron stops, 
and the electron, which is the target, after scattering goes with the same speed the falling 
electron has had before scattering. Taking into consideration the principle of identity, we can 
not distinguish between the falling electron and the target electron. At the same time it is 
supposed, that Coulomb interaction between electrons remains and the potential interaction 
energy tends to infinity. 

Dependence of traveltime on initial momentum is shown in figure 1. 

Studying the central impact of coherent electrons, we can outline two types of traveltime 
behavior. For the first traveltime is definite at the any value of relative momentum. It 
takes place for the electrons with parallel mutual spin orientation, and the special case, for 
the electrons with anti-parallel mutual spin orientation as well, except the electrons, which 
have the relative momentum in the certain range. For the special case the traveltime is 
indefinitely large. It means, electrons do not return to the initial distance long enough. 



Instead of attempt to build an operator, for which parametersr , po (or their combination) 
are the eigenvalues, we study the quadruple moment dependence on these values. The 
quadrupole moment of electric field, produced by the pair of charge, is a well determined 
physical quantity. 

Quadrupole moment for the system of classical charges is described by the following: 



For the case of optional mutual orientation of vectors po and f (f — (x,y,z), po = 
(pox,0,Poz), To = (0,0, To)), we calculate the components of tensor of quadrupole moment: 



4.2. Quadrupole moment of electric field 




(12) 



D 



D 



\ 



XX 



xz 



D 



D 



yy 







(13) 



\ 



D 



zx 



D 



zz i 



herein = D 



zx- 



7 



Nonzero components of the tensor are defined: 

D xx = / p (x, y, z) (2x 2 - y 2 - z 2 )dxdydz, 

D yy = / P ( x i V-> z ) ( 2 y 2 ~ x<1 ~ z 2 )dxdydz, 
D zz = f p(x, y, z) (2z 2 — x 2 — y 2 )dxdydz, 
Dxz = Dzx = J p(x, y, z) xzdxdydz, 
where p(x, y, z) is density of probability. 
Components of tensor are: 

_ 2iV 2 (^(p§ z -2pg 3; ))-2rg 
J-^xx l±N 2 ' 

n 2^(^( P g z +^))-2rg 

u yy i±n 2 ' 



(14) 



2iV 2 (^(pL-2pL))+4rg (15) 



D zz 

12N 2 °" 2p 0| p 0z 
D XZ D zx liAT 2 " 



Let us consider the caseiV — > 0. It is possible if 4 (j)q x + Pq z ) a 2 /h 2 ^> 1 , and r\ja 2 ^> 1, 
it means r > a and (p 2 ^ + P<L) > {h/2a) 2 . 
Under those restrictions one can determine r : 



?"0 



D XX ^ I Dyy 



(16) 



2 V 2 2 

Let us consider the case ofiV — > 1, to determine po x and poz values. It is possible in the 
case f 4(p te+PoJ' T2 << ]_ an( j _r| ^ w hich means (pj^ + PoJ << ^ and r << o. One 
can get following expressions: 



h / D ZZ + 2D XX 
^ = 2^V 3 ' 

1 /I ^ 

Pto = Wv-(^ + 2D M) - (18) 

The quadrupole moment: .D = Z? z;? cos 2 (i?) + (-D^ cos 2 (</?) + -D ra sin 2 (<^)) sin 2 (■&) + 
2D XZ cos(^) sin(tf) cos(y?) (26) 

The dependence of quadrupole moment on time is shown in figure 2. It is monotone for 
common case and periodic for the special one. 
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4.3. Recession and spreading of wave packages 

For the typical case of coherent electrons, the recession of centers of wave packages is 
quicker than spreading of packages as it is shown in figure 3. 

For the special case (figure 4), the recession of centers of wave packages is more slow, 
then their spreading. In fact, the recession of the centers of wave packages vanishes with 
time. Spreading of wave packages takes place. The dependence of quadrupole moment of 
electric field, produced by the electron pair, on time is periodic in the special case. 

5. CONCLUSIONS 

Coordinate and momentum uncertainty leads to a lot of especially quantum peculiarities 
of electron pair Coulomb repulsing. Here we have shown existence of set of coherent states 
for which wave packages recession vanish - electrons remain close regardless of Coulomb 
repulsion. 
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Figure 1. The traveltime dependence on relative momentum values. 

Left - case of parallel mutual spin orientation, right - anti-parallel one. 
Curve 1 corresponds to electrons travelflying over through each other; time 
is inversely proportional to the momentum; Curve 2 corresponds to classical 
Coulomb collision. Curve 3 corresponds to two coherent electrons interaction. 




Figure 2. The dependence of quadrupole moment on time: left - typical case, right - special one. 
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Figure 3. Change of wave function of coherent electron pair is represented 

for a case of recession of centers of wave packages quicker than their spreading. 




Figure 4. Change of wave function of coherent electron pair is represented, reces- 

sion of centers of wave packages vanishes, instead spreading of wave packages takes place. 



